Heterogeneous nuclear ribonucleoprotein K (hn-RNPK) is an RNA/DNA-binding protein involved in chromatin remodeling, RNA processing and the DNA damage response. In addition, increased hnRNPK expression has been associated with tumor development and progression. A variety of post-translational modifications of hnRNPK have been identified and shown to regulate hnRNPK function, including phosphorylation, ubiquitination, sumoylation and methylation. However, the functional significance of hn-RNPK arginine methylation remains unclear. In the present study, we demonstrated that the methylation of two essential arginines, Arg296 and Arg299, on hnRNPK inhibited a nearby Ser302 phosphorylation that was mediated through the pro-apoptotic kinase PKC␦. Notably, the engineered U2OS cells carrying an Arg296/Arg299 methylation-defective hn-RNPK mutant exhibited increased apoptosis upon DNA damage. While such elevated apoptosis can be diminished through addition with wild-type hn-RNPK, we further demonstrated that this increased apoptosis occurred through both intrinsic and extrinsic pathways and was p53 independent, at least in part. Here, we provide the first evidence that the arginine methylation of hnRNPK negatively regulates cell apoptosis through PKC␦-mediated signaling during DNA damage, which is essential for the antiapoptotic role of hnRNPK in apoptosis and the evasion of apoptosis in cancer cells.
INTRODUCTION
Function of heterogeneous nuclear ribonucleoprotein K (hnRNPK) has been implicated in various cellular events such as chromatin remodeling, transcription, RNA splicing, mRNA stability, translation and DNA damage response (1) . In addition, hnRNPK interacts with diverse molecular partners including RNA, DNA and various proteins, contributing to its involvement in viral propagation (2) (3) (4) , erythroid cell maturation (5-7) and other processes. Increasing evidences have indicated the elevation of hn-RNPK in many cancers (8) (9) (10) (11) (12) (13) (14) (15) and correlation of hnRNPK with aggressive metastasis (8, 16) as well as poor prognosis (11) (12) 17) , suggesting an important role for hnRNPK in tumorigenesis.
The involvement of hnRNPK in the DNA damage response and cell cycle arrest has been reported. Currently, it is known that hnRNPK is sumoylated (18, 19) and phosphorylated (20) upon DNA damage, which is essential to the role of hnRNPK as a p53 co-activator to promote p53-dependent transcription. In addition, hnRNPK has been implicated in the p53-independent pathway for the regulation of apoptosis. For example, hnRNPK was downregulated after 5-fluorouracil treatment in Hep3B cells, and the maintenance of endogenous caspase inhibitors was interrupted, resulting in cellular apoptosis (21) . Because the aggressive knockdown of endogenous hnRNPK promotes cellular apoptosis (12, (21) (22) (23) , it has been suggested that hn-RNPK might play a critical role in DNA damage-induced apoptosis.
Several post-translational modifications (PTMs) of hn-RNPK have been identified including phosphorylation (20, (24) (25) (26) , ubiquitination (27) , sumoylation (18, 19) and arginine methylation (28, 29) . Some of these PTMs have been shown to regulate hnRNPK function in several molecular processes. Besides ubiquitination and sumoylation, hnRNPK phosphorylation at Ser284 and Ser353 induces hnRNPK cytoplasmic accumulation during erythroid cell maturation (25) , and hnRNPK Ser302 phosphorylation regulates VEGF mRNA translation during angiotensin IImediated renal injury (30) . Currently, little is known regarding the functional role of arginine methylation on hn-RNPK.
Arginine methylation is an abundant PTM in mammals and mediated through the protein arginine methyltransferase (PRMT) family. In humans, PRMTs are classified into type I (PRMT1, PRMT2, PRMT3, PRMT4 and PRMT6), type II (PRMT5 and PRMT7) and type III (PRMT7) methyltransferases, based on their corresponding asymmetric dimethylation, symmetric dimethylation and monomethylation activities, respectively (31) . Of these PRMTs, PRMT1 is the predominant type I enzyme involved in signal transduction, transcriptional regulation and the DNA damage response (31, 32) . It has been suggested that the PRMT1-mediated arginine methylation of hnRNPK regulates the protein-protein interaction of hn-RNPK such as the oncogenic protein Src (29) and tumor suppressor p53 (33) . However, the functional consequence of hnRNPK arginine methylation in cancer progression remains poorly understood.
There are five major arginine methylation sites in hn-RNPK (28, 29) . Interestingly, our investigation showed that PRMT1 methylates hnRNPK preferentially on Arg296 and Arg299 in vitro and in vivo, suggesting that hnRNPK methylation at Arg296 and Arg299 might play distinct roles in the biological function of hnRNPK. Accumulating evidence has shown that certain arginine methylations could inhibit nearby modifications to regulate protein function. For example, PRMT1 methylates FOXO1 on Arg248 and Arg250 to block the Akt-mediated phosphorylation of FOXO1 at Ser253, which inhibits pro-survival signaling through Akt (34) . In the present study, we investigated whether the methylation of hnRNPK at Arg296 and Arg299 regulates hnRNPK functions. Our results demonstrated that hnRNPK methylation at Arg296 and Arg299 directly abrogated the PKC␦-mediated phosphorylation of Ser302 on hnRNPK in vitro and in vivo, resulting in the negative modulation of cellular apoptosis. In addition, methylationdefective hnRNPK promoted apoptosis upon DNA damage through both intrinsic and extrinsic pathways, which was partially p53 independent. Evasion of apoptosis is considered a hallmark of cancer, and impairment of apoptotic pathways is one of the underlying mechanisms of chemoresistance in cancer cells. Our study provides an evidence for apoptosis regulation through crosstalk between hnRNPK arginine methylation and phosphorylation, which supports the previous observation that antiapoptotic effect of hn-RNPK promotes tumorigenicity.
MATERIALS AND METHODS

Plasmids and antibodies
Wild-type (WT) pET23a-Trx-hnRNPK and pGEX4T-1-PRMT1 were prepared in a previous study (28) . All mutant hnRNPK constructs were generated using a site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA). A total of nine arginine-to-lysine mutants were established: 2RK (R296K/R299K); 3RK-1 (R268K/R296K/R299K); 3RK-2  (R256K/R258K/R268K);  4RK-1  (R258K/R268K/R296K/R299K);  4RK-2  (R256K/R268K/R296K/R299K);  4RK-3  (R256K/R258K/R296K/R299K);  4RK-4  (R256K/R258K/R268K/R299K);  4RK-5 (R256K/R258K/R268K/R296K) and 5RK (R256K/R258K/R268K/R296K/R299K) and are listed in Supplementary Table S1 . Full-length cDNAs encoding human PKC␦ were constructed in the pCDNA4-myc/His vector. The recombinant catalytic fragment PKC␦ was constructed in the pGEX4T1 vector. Pre-methylated hnRNPK was constructed in the pETDuet vector as described below.
The following antibodies were used in this study and purchased from vendors as indicated: anti-Myc tag (#115046) and GAPDH (#100118) (GeneTex lnc.); antihnRNPK/J (3C2) and anti-Flag (M2; Sigma-Aldrich); anti-mono and dimethyl arginine (AB412; Abcam); antiSer302-phosphorylation-hnRNPK (#18361; Santa Cruz Biotechnology); and anti-cleaved caspase3 (#9661), anticleaved caspase8 (#9496) and anti-cleaved caspase9 (#7237; Cell Signaling).
In vitro methylation
In vitro PRMT1-mediated methylation was performed as previously described (28) . Briefly, 1.5 g of His-tagged hn-RNPK was incubated with 0.75 g of GST-PRMT1 and 1.65 Ci of [methyl-
3 H]-S-adenosyl methionine (SAM) in 25 mM Tris-HCl buffer (pH 8.0) at 30
• C for the indicated times. The reaction was terminated with the addition of sodium dodecylsulphate (SDS) sample buffer, analyzed through sodium dodecyl sulphate-polyacryl amide gel electrophoresis (SDS-PAGE) and detected for fluorography.
Preparation of pre-methylated hnRNPK
cDNA encoding the full-length human hnRNPK fragment from pET23a-Trx-hnRNPK was subcloned into the EcoRI/XhoI sites of pGEX4T-1 to establish a GSThnRNPK fusion protein. The GST-hnRNPK fragment with NcoI and XhoI sites were obtained through polymerase chain reaction (PCR) and further subcloned into the NcoI and SalI sites of the pET-DUET vector at multiple cloning site 1. The resulting control plasmid was named pET-DUET-GST-hnRNPK. In addition, cDNA encoding the full-length human PRMT1 fragment from pCDNA3HA2-PRMT1 (35) was subcloned into the NdeI/XhoI site of the pET-DUET vector at multiple cloning site 2. Moreover, the lipoprotein (lpp) promoter fragment, carrying the BsrGI and NdeI sites, was PCR amplified from pACYC184-lpp (36) . The PRMT1 and lpp promoter fragments were annealed and subcloned into the pET-DUET-GST-hnRNPK to construct pET-Duet-GST-hnRNPK-lpp-PRMT1 to generate pre-methylated hnRNPK.
Escherichia coli BL21(DE3) cells harboring pETDUET-GST-hnRNPK or pETDUET-GST-hnRNPK-lpp-PRMT1 plasmids were cultured in LB medium. The expression of GST-hnRNPK or pre-methylated GSThnRNPK was induced using 0.2 M IPTG, and the recombinant proteins were purified using glutathione-Sepharose 4 Fast Flow beads (GE Healthcare Bio-Sciences, Uppsala, Sweden) according to the manufacturer's instructions.
In vitro kinase assay
Recombinant GST-hnRNPK or pre-methylated GSThnRNPK were pre-incubated with the GST-catalytic fragment PKC␦ (CF-PKC␦) in kinase buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl 2 and 1 mM dithiothreitol) on ice for 10 min. Subsequently, 0.25 mCi/ml [␥ -32P]-ATP was added to the solution, and the reaction was incubated at 30
• C for 15 min. The reactions were terminated upon the addition of SDS sample buffer. The samples were analyzed through SDS-PAGE and autoradiography.
RNA interference and the establishment of stable methylation-defective hnRNPK cell line
A lentivirus for hnRNPK knockdown was packaged in HEK293T cells according to the manufacturer's instructions (National RNAi Core Facility, Taipei, Taiwan). For virus production, 4 g of packaging pCMV R8.91 and 0.4 g of envelope VSV-G pMD.G were co-transfected with 4 g of pLKO.1-shhnRNPK.puro (puromycin resistance and hnRNPK knockdown through shRNA targeting TGATGTTTGATGACCGTCGCG) or PLKO.AS3w-hnRNPK.hyg (hygromycin resistance and exogenous expression of shRNA-resistant hnRNPK) into 2.4 × 10 6 cells using the JetPEI TM Transfection Reagent. The virus particles were collected at 24 and 36 h post-transfection. U2OS cells were simultaneously infected with lentivirus carrying pLKO.1-shhnRNPK.puro and PLKO.AS3w-hnRNPK.hyg in the presence of 10 g/ml polybrene. After 24 h, the infected cells were selected with 3 g/ml puromycin and 100 g/ml hygromycin for 48 h. The infected puromycinand hygromycin-resistant cells were collected and named according to the types of infected hnRNPKs, namely, the U2OS-K-WT and U2OS-K-2RK cells.
Cell culture and transfection
U2OS and HEK293T cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA), L-glutamine, 100 units/ml of penicillin and 100 g/ml of streptomycin (Gibco BRL, Grand Island, NY) in a 5% CO 2 -humidified incubator at 37
• C. H1299 cells were cultured in Roswell Park Memorial Institute 1640 Medium (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum, Lglutamine, 100 units/ml penicillin and 100 g/ml streptomycin in a 5% CO 2 -humidified incubator at 37
• C. In addition, U2OS-K-WT and U2OS-K-2RK cells were cultured in DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, 1 g/ml puromycin and 100 g/ml hygromycin B (Sigma, St Louis, USA) in a 5% CO 2 -humidified incubator at 37
• C. Transient transfections were performed using TurboFect TM (Fermentas, Carlsbad, CA, USA) according to the manufacturer's instructions.
Immunoprecipitation and western blot analysis
The cell pellets were washed with ice-cold phosphate buffered saline (PBS) (pH 7.4) and re-suspended with PBS buffer containing 0.5% Triton X-100 with general protease inhibitor (Sigma-Aldrich). The cell lysate was lysed after freeze-thawing twice. The total cell lysate was incubated with primary antibodies and protein G Sepharose beads (GE Healthcare Bio-Sciences, Uppsala, Sweden) at 4
• C for 3 h. The beads were washed three times with binding buffer, and the bound proteins were analyzed through SDS-PAGE and subsequently transferred to a Polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA, USA). The membrane was incubated with blocking solution (5% nonfat milk in TBS/0.05% Tween-20) for 1 h and incubated with primary antibody overnight at 4
• C. The membrane was subsequently incubated with horseradish peroxidaseconjugated secondary antibodies for 1 h at ambient temperature. The protein signals were detected by exposing the membrane to X-ray film after treatment with ECL Western Blotting Detection Reagent (Millipore, Bedford, MA, USA) and exposure to X-ray film. The western blot analysis was repeated three times using different lysates. The images from three independent experiments were analyzed using ImageJ software for quantitation (National Institutes of Health, USA). A P-value of <0.05 was considered significant using Student's t-test.
Immunofluorescence microscopy
Cells were grown on glass coverslips for 24 h, followed by transfection with PKC␦ for 24 h and further treated with etoposide at the indicated times. The collected cells were washed with PBS, fixed in 4% paraformaldehyde/PBS for 10 min and followed by permeabilization with 0.5% Triton X-100/PBS for 10 min at room temperature. The permeabilized cells were washed with PBS and blocked for 1 h in 4% bovine serum albumin/PBS prior to incubation with a myctag (PKC␦) or flag-tag (hnRNPK) primary antibodies for 1 h. The resulting cells were washed with PBS and then incubated with a conjugated-Alexa Fluor 488 or conjugatedRhodamine 123 secondary antibodies (Chemicon, Temecula, CA, USA). Further incubation of these cells with 10 mg/ml DAPI (Sigma, St Louis, USA) was carried out for 15 min. The resulting cells were washed with PBS and coverslips were mounted with 1,4-diazabicyclo[2.2.2]octane (Sigma, St Louis, USA). Locations of hnRNPK and PKC␦ in these cells were detected using a laser scanning confocal microscope (ZEISS LSM 700, Carl Zeiss MicroImaging GmbH, Jena, Germany) at 100× magnification. Each slide was examined for different stains at three excitation wavelengths (405, 488 and 555 nm).
Caspase-3 activity assay
Caspase-3 activity was measured using a caspase-3 assay kit (BD Biosciences, San Jose, CA, USA). Briefly, the cell lysates were incubated with the caspase-3 substrate Ac-DEVD-7-amino-4-methylcoumarin at 37
• C for 1 h, and the 7-amino-4-methylcoumarin fluorescence was measured using AutoLumat LB953 (Berthold Technologies, Bad Wildbad, Germany).
Nucleic Acids Research, 2014, Vol. 42, No. 15 9911
Analysis of the sub-G1 population U2OS-K-WT and U2OS-K-2RK cells were trypsinized, collected and washed with PBS buffer. The cells were fixed overnight in 70% cold ethanol with PBS buffer at −20
• C. The cells were further resuspended in PBS buffer supplemented with 0.1% Triton X-100 and 0.2 mg/ml RNase A followed by staining with 20 g/ml propidium iodide. The cell cycle distribution was determined through flow cytometry, and sub-G1 cells were regarded as apoptotic cells.
TUNEL assay
U2OS-K-WT and U2OS-K-2RK cells were transfected with PKC␦ or empty vector for 24 h and subsequently incubated with either Dimethylsulfoxide (DMSO) or 50 M etoposide for the indicated times. The cells were fixed with 2% paraformaldehyde. Apoptotic cancer cells were detected using the in situ cell death detection kit (Roche Applied Science), followed by flow cytometry.
RESULTS
PRMT1 preferentially methylates Arg296 and Arg299 on hn-RNPK in vitro and in vivo
PRMT1 catalyzes the transfer of methyl groups onto hnRNPK at five major sites including Arg256, Arg258, Arg268, Arg296 and Arg299 (28, 29) . Whether these different arginines exhibit similar efficiency and preference toward PRMT1-mediated methylation remains unknown. To this end, we established diverse hnRNPK arginine mutants exhibiting limited arginine methylation, as described in the 'Materials and Methods' section and Supplementary Table S1 . Upon in vitro methylation, catalyzed through PRMT1 in the presence of [ 3 H]-SAM, the 2RK, 3RK-1 and 5RK mutants all exhibited reduced methylation compared with WT hnRNPK (Figure 1a) . Notably, the mutation of Arg296/Arg299 in 2RK hnRNPK resulted in a significant reduction of methylation, up to 60% of WT hnRNPK methylation. Next, we examined the in vivo methylation levels of WT, 2RK and 5RK hnRNPKs in HEK293T cells using an anti-methyl arginine antibody (7E6). As shown in Figure 1b , a similar loss of 60% WT methylation was observed for the Arg296/Arg299 mutation in 2RK hnRNPK. Accordingly, these results suggest that different arginines on hnRNPK are not chemically equivalent in PRMT1-mediated methylation. To explore this hypothesis, we further determined the efficiency and time dependence of the in vitro methylation on all five 4RK mutants containing only one arginine for methylation. The results showed that Arg299 and Arg296 exhibited the most and second-most efficient methylation, respectively, through either recombinant PRMT1 or the cellular PRMT1 complex ( Figure  2a and b). In addition, time-dependent methylation of the five 4RK mutants revealed that Arg296 and Arg299 also had higher methylation rates than other arginines ( Figure  3a and b). Taken together, these results demonstrated that the known methylable arginines in hnRNPK exhibit nonequivalent reactivity toward the PRMT1-catalyzed methylation. Moreover, Arg296 and Arg299 had higher methylation potential than other residues in vitro and in vivo, suggesting that these two residues might play distinct roles in the regulation of hnRNPK functions.
PKC␦-mediated Ser302 phosphorylation of hnRNPK is suppressed by its own arginine methylation in vitro
The interplay between diverse PTMs, including methylation, phosphorylation and acetylation, has been shown to regulate histone protein functions (37, 38) . In addition, arginine methylation has also been proposed to regulate protein-protein interactions (39) (40) (41) . Accordingly, we further investigated the methylated arginine-containing sequences of hnRNPK via bioinformatics to determine whether Arg296 and Arg299 methylation have functions distinct from other methylable arginine residues. Several studies have revealed that arginine methylation inhibits the nearby phosphorylation level on the same protein and thus regulates phosphorylation-mediated functions (34, (42) (43) (44) , i.e. human FOXO1 and Bcl2-associated agonist of cell death (BAD) . Further comparison of the methylated argininecontaining sequences among FOXO1, BAD and hnRNPK revealed that Arg296 and Arg299 in hnRNPK are only three residues away from Ser302, similar to the locations of these residues in FOXO1 and BAD (Figure 4a ). Ser302 phosphorylation is mediated through PKC␦ (24) . In addition, it has been suggested that Arg299 is an essential residue in the consensus substrate sequence of PKC␦ (RXXSXSR), as shown in Figure 4b (24) . Therefore, we further determined whether hnRNPK methylation at Arg296 and Arg299 regulates the interaction of this protein with PKC␦. The results of the co-immunoprecipitation of WT or 2RK hnRNPK with PKC␦ in U2OS cells revealed that the loss of hnRNPK arginine methylation on Arg296 and Arg299 increased the interaction of this protein with PKC␦ ( Supplementary Figure S1 ).
We next investigated whether arginine methylation of hn-RNPK interferes with Ser302 phosphorylation. To this end, we generated M-GST-K, a recombinant GST-hnRNPK fusion protein carrying pre-methylated arginines, in E. coli as described in the 'Materials and Methods' section. The premethylation of this M-GST-K was verified using a methyl arginine-specific antibody, and the control GST-K showed no methylation signal ( Figure 5a ). Next, we performed the in vitro phosphorylation of pre-methylated M-GST-K and the un-methylated control (GST-K) using constitutively active PKC␦ (catalytic fragment, CF-PKC␦) in the presence of [␥ -
32 P]-ATP. A comparison of the phosphorylation levels showed that GST-K exhibited higher phosphorylation levels than M-GST-K (Figure 5b) , suggesting that the premethylation of hnRNPK suppressed subsequent PKC␦-mediated phosphorylation in vitro.
Etoposide treatment in U2OS cells elevated hnRNPK Ser302 phosphorylation while arginine methylation of hnRNPK was reduced
PKC␦, a serine/threonine kinase, is involved in both intrinsic and extrinsic apoptotic pathways and is activated during apoptosis upon treatment with cytotoxic agents such as etoposide (45, 46) . In addition, PKC␦ knockdown abolishes DNA damage-induced apoptosis in various cells (47) (48) (49) . Methylation was detected through fluorography (top) and quantified using a liquid scintillation counter. The methylation levels of all arginine mutants relative to wild-type (WT) hnRNPK are shown as a bar graph. (b) Detection and quantification of in vivo methylation levels of WT hnRNPK and arginine mutants (2RK, 5RK). Flag-hnRNPKs were immunoprecipitated from the DF-1 cells expressing Flag-hnRNPKs using an anti-Flag antibody (M2). Protein expression was determined using an anti-hnRNPK antibody (bottom). Methylation levels were detected using an antibody against anti-asymmetric dimethylated arginine (top) and quantified using ImageJ software. The relative methylation levels of 2RK and 5RK mutants compared with WT hnRNPK are shown as a bar graph. (a) WT (GST-K) and premethylated hnRNPK (Me-GST-K) were purified from Escherichia coli, as described in the 'Materials and Methods' section. The methylation levels of both hnRNPKs were determined using an asymmetric dimethylargininespecific antibody (7E6). (b) In vitro phosphorylation of GST-K and Me-GST-K. GST-K and Me-GST-K were incubated with the GST-catalytic fragment PKC␦ GST-CF-PKC␦ in the presence of [ 32 P]-ATP, followed by SDS-PAGE analysis. The proteins were stained with Coomassie blue (right). The phosphorylation levels were analyzed through autoradiography (left). The relative phosphorylation levels of Me-GST-K to GST-K were quantified using ImageJ software (NIH) and shown as a bar graph. Single asterisk indicates statistical significance (p < 0.05).
Thus, we further investigated whether etoposide treatment induces PKC␦-mediated phosphorylation of hnRNPK at Ser302. PKC␦ is strongly activated after 4 h of etoposide treatment based on the maximal amount of PKC␦ catalytic fragment (Supplementary Figure S2) . Subsequently, hnRNPK was immunoprecipitated from U2OS cells with or without etoposide treatment, and Ser302 phosphorylation levels were determined using a phosphorylation-specific antibody. As shown in Figure 6a , the Ser302 phosphorylation of hnRNPK in etoposide-treated cells was higher than in untreated cells, suggesting that PKC␦-mediated phosphorylation is inducible through the etoposide treatment of U2OS cells. In addition, we further determined whether etoposide treatment affects the endogenous hnRNPK methylation status. The U2OS cells were treated with etoposide, and followed by immunoprecipitation of hnRNPK. Subsequent methylation detection of the precipitated hnRNPK was carried out using pan-asymmetric methyl-arginine antibody. As shown in Figure 6b , the methylation level of endogenous hnRNPK in U2OS cells was decreased after etoposide treatment, suggesting that the reduced methylation of hnRNPK is correlated with elevation of its Ser302 phosphorylation during etoposide treatment.
Mutation of Arg296 and Arg299 to lysine in hnRNPK elevates Ser302 phosphorylation
We next determined whether etoposide-induced Ser302 phosphorylation was regulated through Arg296 and Arg299 methylation. U2OS cells were transfected with either WT or Arg296/Arg299-mutated hnRNPK (R296K/R299K, 2RK) followed by etoposide treatment. The results showed that 2RK hnRNPK exhibited higher Ser302 phosphorylation levels than WT hnRNPK upon etoposide treatment (Figure 6c ). In addition, the difference in S302 phosphorylation levels was further increased in the etoposide-treated U2OS cells with overexpression of PKC␦ (Figure 6d ). Similarly, the inhibition of Ser302 phosphorylation through the Arg296/Arg299 methylation of hnRNPK was also observed in H1299 cells (Figure 6e ). However, hnRNPK mutants with Arg256/Arg258/Arg268 mutations (3RK-2) exhibited similar Ser302 phosphorylation levels of WT hn-RNPK, indicating that the methylation of Arg296 and Arg299, but not other residues, plays a regulatory role in the PKC␦-mediated phosphorylation of hnRNPK ( Figure  6d ).
Establishment of stable cell lines carrying Arg296/Arg299 methylation-defective hnRNPK
HnRNPK is highly abundant in cells, and its gene knockout is lethal in several species (1, (50) (51) (52) . In addition, the aggressive knockdown of endogenous hnRNPK in cells leads to cell death (12, (21) (22) (23) . To investigate the putative function of Arg296/Arg299 methylation of hnRNPK in vivo, we first overexpressed exogenous hnRNPK carrying diverse arginine mutations in U2OS cells. However, an insignificant phenotype was observed, likely reflecting the abundant presence of endogenous hnRNPK. We thus further established stable cell lines expressing exogenous WT hn-RNPK or hnRNPK-2RK (R296K/R299K) and knocked Endogenous hnRNPKs were immunoprecipitated from U2OS lysates, followed by western blot analysis to reveal the Ser302 phosphorylation of hnRNPK. N.S., non-specific. (b) Etoposide treatment reduced methylation level of endogenous hnRNPK. The U2OS cells were treated with or without etoposide, and followed by immunoprecipitation of hnRNPK. Subsequent methylation detection and expression of the precipitated hnRNPKs were carried out using pan-asymmetric methyl-arginine antibody and hnRNPK antibody, respectively. (c) Arg296 and Arg299 mutations increased the Ser302 phosphorylation of hnRNPK in U2OS cells treated with etoposide. U2OS cells were transfected with Flag-WT or Flag-2RK (R296K/R299K) hnRNPK, followed by treatment with etoposide for 4 h. The exogenous hnRNPKs were immunoprecipitated from U2OS lysates using a Flag antibody followed by western blot analysis to determine the hnRNPK Ser302 phosphorylation status. (d) hnRNPK methylation at Arg296 and Arg299, but not the other arginines, affects Ser302 phosphorylation. U2OS cells carrying overexpressed Myc-tag PKC␦ were transfected with Flag-WT or Flag-2RK (R296K/R299K) or Flag-3RK-2 (R256K/R258K/R268K) hnRNPK, followed by etoposide treatment for 4 h. The exogenous hnRNPKs were immunoprecipitated from U2OS lysates using a Flag antibody followed by western blot analysis to determine the hnRNPK Ser302 phosphorylation state. (e) Mutations at Arg296 and Arg299 increased hnRNPK Ser302 phosphorylation in H1299 cells treated with etoposide. H1299 cells carrying overexpressed Myc-tag PKC␦ were transfected with Flag-WT or Flag-2RK (R296K/R299K) hnRNPK, followed by treatment with etoposide for 4 h. The exogenous hnRNPKs were immunoprecipitated from H1299 lysates, followed by western blot analysis to reveal the hnRNPK Ser302 phosphorylation status. down endogenous hnRNPK through lentivirus-based RNA interference, as described in the 'Materials and Methods' section. The resulting cells, U2OS-K-WT and U2OS-K-2RK cells, expressed a significant amount of exogenous hnRNPK-WT or hnRNPK-2RK over the endogenous hn-RNPK (Figure 7a ). Despite the arginine mutations in hn-RNPK, the growth rate and morphology of these two cell lines were nearly identical (data not shown).
Down-regulation of hnRNPK upon DNA damage to trigger apoptosis has been previously demonstrated in several cells (12, 21, 23) . It is important to determine whether induction of DNA damage in the U2OS-K-WT and U2OS-K-2RK cells also down-regulates the total hnRNPK level. Our data showed that both WT and Arg296/Arg299-mutated (2RK) hnRNPKs were decreased after etoposide treatment alone or treatment combined with PKC␦ overexpression (Supplementary Figure S3) . This result suggests that the response of hnRNPK to stress induction in both U2OS-K-WT and U2OS-K-2RK cells coincides to those in previous studies. In addition, the U2OS-K-WT cells exhibited similar reduction of hnRNPK methylation as the parental U2OS cells upon etoposide treatment (Figure 6b , Supplementary Figure S4) . Therefore, these paired cells provide an adequate tool to investigate the biological consequence induced through the manipulation of the arginine methylation of hnRNPK, but not its expression.
Methylation-defective hnRNPK induces caspase 3 activity and promotes cell apoptosis in U2OS cells after etoposideinduced DNA damage
We demonstrated that suppression of Arg296 and Arg299 methylation in the hnRNPK-2RK mutant increased PKC␦-mediated Ser302 phosphorylation. Because hn-RNPK phosphorylation has previously been demonstrated as important for apoptosis induction (45, 46) , we further examined whether the methylation defects in the hnRNPK mutant affect cell apoptosis. Both U2OS-K-WT and U2OS-K-2RK cells were induced to activate PKC␦ and analyzed for the degree of apoptosis through flow cytometry. Upon etoposide treatment and PKC␦ overexpression, U2OS-K-2RK cells showed a higher ratio of sub-G1 cells compared with U2OS-K-WT cells, as shown in Figure  7b . In addition, a TUNEL assay was performed to measure the apoptosis percentage in both U2OS-K-WT and U2OS-K-2RK cells. As shown in Figure 7c , U2OS-K-2RK cells exhibited a higher degree of DNA fragmentation than U2OS-K-WT cells.
It has been reported that PKC␦ activation upon etoposide treatment leads to its translocation into the nucleus, where it can regulate apoptosis initiation (53) . In addition, hnRNPK is ubiquitously found in many subcellular locations, but majorly locate in nucleus for its transcriptional regulation in DNA damage response (1, 27) . We thus further determined whether hnRNPK and PKC␦ co-localize in nucleus following etoposide treatment. Both U2OS-K-WT and U2OS-K-2RK cells were transfected with PKC␦ and treated with etoposide. Immunofluorescence detection of the resulting cells was carried out. As shown in the Supplementary Figure S5 , PKC␦ majorly localized in cytoplasm of U2OS-K-WT and U2OS-K-2RK cells before treatment, whereas the activated PKC␦ was translocated into nucleus and co-localized with hnRNPK in both cells after etoposide treatment.
Caspase 3 plays a critical role in apoptosis (54) . In addition, caspase 3 cleaves PKC␦ and produces constitutively active PKC␦ (catalytic fragment), which further promotes caspase 3 activation and apoptosis (55) (56) (57) . Accordingly, caspase 3 activity levels were measured in these cells after DNA damage to determine whether the methylation defect in Arg296 and Arg299 of hnRNPK mutant affects PKC␦-mediated apoptosis. After a 12-h etoposide treatment, the U2OS-K-2RK cells exhibited a higher degree of caspase 3 cleavage compared with U2OS-K-WT cells, as shown in Figure 7d . In addition, PKC␦ overexpression together with etoposide treatment further increased the difference in caspase 3 cleavage between U2OS-K-WT and U2OS-K-2RK cells (Figure 7d and Supplementary Figure S6) . Similarly, caspase 3 activity levels (based on the presence of cleaved substrate) also showed a clear difference between U2OS-K-WT and U2OS-K-2RK cells upon etoposide treatment and PKC␦ overexpression (Supplementary Figure S7) . In contrast, pre-treatment with rottlerin (a PKC␦ inhibitor) significantly attenuated the increased caspase 3 cleavage induced through etoposide treatment and PKC␦ overexpression in U2OS-K-2RK cells (Figure 7d ). Because cleaved caspase 3 can be activated via both extrinsic and intrinsic pathways, we further measured the levels of cleaved caspase 8 and caspase 9 in U2OS-K-WT and U2OS-K-2RK cells upon apoptosis (Figure 7e) . The results showed that U2OS-K-2RK cells exhibited increased caspase 8 and 9 cleavage compared with U2OS-K-WT cells after etoposide treatment and PKC␦ overexpression, suggesting that the methylation deficiency in hnRNPK promotes cell apoptosis via both extrinsic and intrinsic pathways.
Supplementing with additional hnRNPKs carrying R296/R299 methylation reduces apoptosis in U2OS-K-2RK cells after DNA damage
To further validate the negative role of hnRNPK methylation on apoptosis induction, we expressed either the shRNA-resistant WT hnRNPK or shRNA-resistant 3RK-2 (R256K/R258K/R268K) hnRNPK mutants in the etoposide-treated U2OS-K-2RK cells. As shown in Figure 8 , supplementing these cells with Arg296/Arg299-methylable hnRNPKs resulted in reduced caspase 3 cleavage compared with the vector control. This result indicates that methylation at arginine residues 296 and 299 of hn-RNPK indeed suppresses PKC␦-mediated apoptosis upon DNA damage.
Blockage of Arg296 and Arg299 methylation in hnRNPK promotes apoptosis in a p53-independent manner
hnRNPK physically interacts with p53 as a cotranscriptional activator to regulate the downstream genes responsible for cell cycle arrest and apoptosis (27) . However, co-immunoprecipitation experiments showed that the interaction of p53 and hnRNPK is not affected by the methylation defects of hnRNPK in U2OS cells after etoposide treatment and PKC␦ overexpression Figure 7 . Blockage of Arg299 and Arg296 methylation in hnRNPK promotes U2OS cell apoptosis upon DNA damage. (a) Establishment of stable cell lines carrying Arg296 and Arg299 methylation-defective hnRNPK. U2OS cells were simultaneously infected with lentivirus carrying shRNA against endogenous hnRNPK and lentivirus carrying shRNA-resistant WT or 2RK mutant hnRNPKs. The efficiency of knockdown and ectopic expression were determined according to the protein levels of endogenous and exogenous hnRNPKs, measured using hnRNPK and GAPDH antibodies. (b) U2OS-K-WT and U2OS-K-2RK (R296K/R299K) cells were transfected with Myc-PKC␦ for 24 h and treated with etoposide for the indicated times. The cell lysates were collected, stained with propidium iodide and measured through FACS to calculate the percentages of sub-G1 cells. The data are shown as the mean value and SD from three independent experiments. (c) Under the same treatment as described above, the cells were collected at the indicated times and analyzed using a TUNEL assay to determine the percentages of apoptotic cells through FACS. (d) U2OS-K-WT and U2OS-K-2RK (R296K/R299K) cells under the same treatment at 12 h were collected and analyzed for the expression levels of Myc-PKC␦, GAPDH and cleaved caspase 3 using specific antibodies. Pretreatment with the PKC␦ inhibitor rottlerin in U2OS-K-2RK cells prior to etoposide treatment was also performed. (e) Arg296 and Arg299 methylation-defective hnRNPK promotes apoptosis via both extrinsic and intrinsic pathways. U2OS-K-WT and U2OS-K-2RK (R296K/R299K) cells were transfected with Myc-PKC␦, followed by etoposide treatment for 12 h. The expression levels of Myc-PKC␦ and GAPDH and cleaved caspases 3, 8 and 9 were measured using specific antibodies. Figure 8 . Supplementing with exogenous hnRNPK carrying R296/R299 methylation reduced U2OS-K-2RK cell apoptosis after DNA damage. The U2OS-K-2RK cells were transfected with shRNA-resistant WT or 3RK-2 mutant (R256K/ R258K/ R268K) hnRNPKs, followed by etoposide treatment for 12 h. The expression levels of hnRNPK, GAPDH and cleaved caspase 3 were determined using specific antibodies.
(Supplementary Figure S8) . Notably, p53-independent hnRNPK-mediated apoptosis has recently been reported (21) . To determine whether the observed apoptotic induction through methylation-defective hnRNPK is p53 independent, we further established p53-null SaOS2 cells carrying WT and 2RK hnRNPKs, namely SaOS2-K-WT and SaOS2-K-2RK cells (Figure 9a ). hnRNPK immunoprecipitation experiments in SaOS2-K-WT and SaOS2-K-2RK cells treated with etoposide and PKC␦ overexpression showed that 2RK hnRNPK exhibited higher Ser302 phosphorylation than WT hnRNPK, as shown in Figure 9b . Further analysis showed that, after a 12-h etoposide treatment, the SaOS2-K-2RK cells exhibited a higher degree of caspase 3 cleavage than SaOS2-K-WT cells. In addition, PKC␦ overexpression and etoposide treatment together in both cells further increased the differences in caspase 3 cleavage between SaOS2-K-WT and SaOS2-K-2RK cells (Figure 9b ). Taken together, these results suggest that the methylation defect in hnRNPK promotes caspase 3 activity and cellular apoptosis during etoposide-induced DNA damage in a p53-independent manner.
DISCUSSION
We herein demonstrated the functional crosstalk between the PRMT1-catalyzed arginine 296/299 methylations and PKC␦-mediated phosphorylation of hnRNPK. In addition, replacing endogenous hnRNPK with methylation-defective hnRNPK in different cells induced caspase3 activation and apoptosis upon DNA damage, i.e. etoposide treatment. Moreover, the etoposide-induced apoptosis in cells carrying methylation-defective hnRNPK was suppressed through the ectopic expression of WT hnRNPK. These findings provide strong evidence that the PRMT1-induced methylation of hnRNPK plays an important role in guiding the cell fate toward apoptosis. This study is the first to demonstrate that the interplay between PTMs of hnRNPK modulates cell apoptosis.
The functional roles of protein arginine methylation remain largely unknown (58) . The current understanding of such protein modification is based on the functional knowledge of proteins that have been identified as methyl acceptors during PRMTs-mediated methylation (31, 32) . We previously reported that hnRNPK undergoes Arg296 and Arg299 methylation in vitro in the presence of PRMT1 (28) , and a total of five major methylated arginines have now been identified on cellular hnRNPK (29) including Arg256, Arg258, Arg268, Arg296 and Arg299. Whether these arginine methylations are either chemically or functionally equivalent has never been explored. In the present study, we showed that Arg296 and Arg299 are the dominant sites for hnRNPK methylation, mediated through PRMT1 in vitro and in vivo (Figures 1-3) . Moreover, methylation of these specific arginine residues, but not the other arginines, negatively regulates the phosphorylation of hnRNPK at Ser302 (Figures 5 and 6 ). Arg299 has been previously reported to be involved in the consensus substrate sequence (RXXSRXR) of PKC␦-mediated phosphorylation in hn-RNPK (24) . It is speculated that Arg296 and Arg299 methylation might increase steric hindrance and interfere with the catalytic site of PKC␦.
However, we also demonstrated that the suppression of Arg296 and Arg299 methylation increased PKC␦-mediated Ser302 phosphorylation on hnRNPK ( Figure 6 ). Accordingly, upon induction of PKC␦ activity, the U2OS cells showed that only the Arg296 and Arg299 methylationdefective hnRNPK increased Ser302 phosphorylation, and this effect was not observed for WT or mutant hnRNPK carrying other arginine mutations. Based on the difference in methylation efficiency and arginine locations, it is suggested that the methylation of hnRNPK at Arg296 and Arg299 has a function distinct from the other methylated arginines. More importantly, Arg296, Arg299 and Ser302 are located at highly conserved regions of hnRNPK throughout vertebrates, suggesting that the interplay between arginine methylation and nearby serine phosphorylation is conserved in evolution and might play an important role.
PKC␦ is essential for apoptosis induction upon DNA damage (45, 46) . In addition, activated PKC␦ interacts with and/or phosphorylates downstream pro-apoptotic proteins such as p53 (59), c-Abl (60,61), DNA-dependent protein kinase (62) and Rad9 (63) to trigger apoptosis upon DNA damage. Recently, it has been shown that hnRNPK and activated PKC␦ might co-regulate apoptosis induction via hnRNPK ubiquitination during DNA damage (23) . Indeed, hnRNPK is stabilized via the reduction of MDM2-mediated ubiquitination during DNA damage and thus acts together with p53 to promote the transcription of the cell cycle-related and pro-apoptotic genes (27) . In contrast, hnRNPK suppression through RNA interference downregulates anti-apoptotic proteins such as XIAP and FLIP to promote apoptosis (21) . Because the PKC␦-mediated degradation of hnRNPK has been implied in apoptosis induction (23) , it is possible that elevated hnRNPK Ser302 phos- phorylation, upon loss of Arg296 and Arg299 methylation, might increase the proteasome-mediated degradation of hn-RNPK to promote apoptosis. On the other hand, hnRNPK is a polycytosine RNA binding protein and it is interesting to know whether methylation of Arg296 and Arg299 alters the RNA binding capacity of hnRNPK upon etoposide treatment. A luciferase reporter plasmid containing CUrich element sequence was used to monitor the RNA binding of hnRNPK in cells (64) . As shown in Supplementary Figure S9 , a similar decrease of luciferase activity was observed in both U2OS-K-WT and U2OS-K-2RK cells after etoposide treatment, which is due to reduction of total hn-RNPK level upon etoposide treatment in both U2OS-K-WT and U2OS-K-2RK cells (Supplementary Figure S3) . Therefore, it is suggested that Arg296 and Arg299 methylations of hnRNPK may not affect its RNA binding capacity.
hnRNPK up-regulation has been observed in many cancers (9-10,13-15) and is associated with increased metastasis (8, 16 ) and poor prognosis (11) (12) 17) , suggesting an important role for hnRNPK in tumorigenesis. In addition, hnRNPK knockdown suppresses the survival of various cancer cells (12, 22) . The present evidence demonstrating that the methylation-defective hnRNPK promoted apoptosis upon DNA damage suggests the putative correlation of hnRNPK arginine methylation with cancer survival. Thus, the elevation of PKC␦-mediated phosphorylation on methylation-defective hnRNPK might facilitate the downstream signaling of PKC␦-dependent apoptosis induction. In addition, hnRNPK is known to interact with p53 to act as a transcriptional co-activator during DNA damage to promote the signaling of p53 downstream genes, such as p21, and induce cell-cycle arrest (27) . Moreover, the elevated arginine methylation of hnRNPK is reported to enhance p53 transcriptional activity during the early stages of DNA damage (33) . Thus, we further determined whether elevated Ser302 phosphorylation on methylationdefective hnRNPK affects the interaction of this protein with p53. Notably, the results of co-immunoprecipitation experiments showed that WT and methylation-defective hnRNPKs exhibited similar p53-interacting ability upon DNA damage (Supplementary Figure S8) . Recently, it has been shown that hnRNPK suppresses apoptosis in a p53-independent manner by maintaining the expression levels of endogenous caspase inhibitors, including XIAP and FLIP (21) . Thus, we further proposed that the observed apoptosis mediated through methylation-defective hnRNPK during DNA damage is p53-independent. The comparison between SaOS2 cells expressing either WT or 2RK hnRNPKs showed that methylation-defective hnRNPK also promoted apoptosis in p53-null SaOS2 cells, similar to U2OS cells carrying 2RK mutant hnRNPK ( Figure 9 ). This result suggested that the methylation-defective hnRNPK-mediated induction of apoptosis is partially p53 independent.
Alternatively, it has been previously demonstrated that the p53 family protein, p73 or p63, share high sequence identity and functional similarities with p53 (65, 66) . In ad-dition, these proteins showed many p53-like transcription activities to induce p53-reponsive genes and trigger apoptosis (67, 68) . Moreover, p73 can compensate p53 functions to response DNA damage in the p53-deficient cells like H1299 and SaOS2 cells (65, (69) (70) . Therefore, the present observation that SaOS2-K-2RK cells exhibit higher apoptosis than SaOS2-K-WT cells upon etoposide treatment may involve p73-mediated regulation of cell death. Whether p73 participates in the increased apoptosis by methylation-defective hnRNPK in SaOS2-K-2RK cells requires further investigation.
Studies have shown that PTMs might be responsible for functional role of hnRNPK in the DNA damage response (19) (20) 27) . PTMs of hnRNPK involved in the DNA damage response include phosphorylation (20) , ubiquitination (27) and sumoylation (18, 19) . For example, the mutation of four ATM-mediated phosphorylation sites of hn-RNPK suppresses the ubiquitination of this protein and inhibits p53-induced cell-cycle arrest upon DNA damage (20) . Similarly, the UV radiation-induced elevation of hn-RNPK sumoylation on Lys422 also suppresses the ubiquitination of this protein and induces cell-cycle arrest (18, 19) . In the present study, the inhibition of PKC␦-mediated phosphorylation through Arg296/Arg299 methylation indicated that hnRNPK methylation regulates cell apoptosis. Because methylation-defective hnRNPK exhibited higher PKC␦-mediated phosphorylation and promoted apoptosis, it is implied that hnRNPK accommodates distinct protein modifications to regulate the role of this protein in response to DNA damage. Extensive studies of methylation-mediated regulation on other PTMs of hnRNPK are suggested.
In addition to cell apoptosis, whether the interplay between arginine methylation and hnRNPK phosphorylation regulates other hnRNPK-mediated function is interesting. Previous studies have shown that the PKC␦-mediated Ser302 phosphorylation of hnRNPK is associated with the regulation of VEGF mRNA translation upon angiotensin II-induced renal injury (30) . It has been suggested that hn-RNPK phosphorylation positively regulates RNA binding toward VEGF mRNA. Therefore, whether the arginine methylation of hnRNPK also contributes to renal injury through this regulatory mechanism remains unknown.
Other than the present study, only four other reports have shown a similar interplay between arginine methylation and phosphorylation (Supplementary Table S2) . Two Akt substrates, Foxo1 and Bad, demonstrated PRMT1-mediated methylation that inhibits nearby phosphorylation and thereby downstream Akt-mediated signaling (34, 44) . Notably, these methylation sites are also located within the consensus substrate motif of Akt kinase. However, FEN1 and EGFR exhibit the distinct regulation of phosphorylation upon PRMT5-mediated methylation (42, 43) . Similar to Foxo1 and Bad, hnRNPK methylation interferes with PKC␦-mediated phosphorylation. Taken together, accumulating evidence of crosstalk between arginine methylation, and phosphorylation might establish a new functional interpretation of protein arginine methylation.
In summary, the present study demonstrated that the functional crosstalk between the arginine methylation and PKC␦-mediated phosphorylation of hnRNPK regulates cell apoptosis upon DNA damage. Notably, hnRNPK has been correlated with cancer progression and resistance to etoposide-induced DNA damage (71) . This is the first report to establish a correlation between hnRNPK methylation and cell apoptosis. Notably, the induced apoptosis by methylation-defective hnRNPK occurred through both intrinsic and extrinsic pathways in a partially p53-independent manner. As shown in Figure 10 , we hypothesized that the frequently found Arg296 and Arg299 methylation maintains a low Ser302 phosphorylation level in hn-RNPK to support its anti-apoptotic role after DNA damage. However, loss of Arg296 and Arg299 methylation in hn-RNPK elevates Ser302 phosphorylation level and promotes apoptosis, implicating that methylation-defective hnRNPK might sensitize cancer cells to etoposide-induced apoptosis. Therefore, the aggressive regulation of arginine methylation may serve as a putative anticancer strategy.
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